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Interleukin 7 (IL-7) plays a central role in controlling CD4
ϩ T-cell homeostasis (2, 30, 52) . This cytokine of the gamma-c (␥c) family is essential for thymopoiesis and homeostatic proliferation of naive T cells, as exemplified by the profound lymphopenia in IL-7-or IL-7 receptor (IL-7R)-deficient hosts (48, 59, 64, 66) . IL-7 is also required for the long-term survival of memory T cells after the clonal expansion phase, especially within the CD4 ϩ T-cell subset (16, 17, 26, 42) . CD4 ϩ T-cell lymphopenia triggers a compensatory regulatory loop leading to increased levels of circulating IL-7, which drives homeostatic T-cell proliferation and leads to normalization of T-cell numbers (56, 88) . IL-7 promotes T-cell proliferation in lymphopenic hosts by lowering the threshold for T-cell receptor (TCR) activation by foreign and self-antigens (4, 17, 31) . IL-7 also supports T-cell growth through inactivation of cell cycle inhibitors and increased metabolism (6, 46, 67, 79, 85) . In addition, IL-7 prolongs T-cell survival through induction of antiapoptotic factors, such as Bcl-2 and Bcl-xL (37, 63) , and inhibition of proapoptotic factors, such as Bad and Bax (52) .
The IL-7/CD4 regulatory loop is activated in human immunodeficiency virus (HIV) infection, as indicated by increased plasma IL-7 levels that inversely correlate with CD4 ϩ T-cell counts of patients (1, 13, 14, 28, 29, 39, 50, 51, 56, 68, 70) . Increased IL-7 secretion by bone marrow stromal cells from infected patients suggests a regulation at the level of cytokine production (34, 35) . However, IL-7-dependent homeostatic regulation fails in HIV infection, as indicated by decreasing CD4 ϩ T-cell counts in untreated patients in spite of persistently elevated IL-7 levels. A similar phenomenon is observed in pathogenic simian immunodeficiency virus infection of rhesus macaques, where elevated IL-7 levels do not lead to a restoration of the CD4 ϩ T-cell pool (55) . The lack of CD4 ϩ T-cell increase in HIV and simian immunodeficiency virus infections may result from continuing CD4 ϩ T-cell destruction by direct viral cytopathic effect and from the generalized immune activation and ensuing activation-induced cell death, which are thought to drive AIDS pathogenesis (25, 32, 76) . In addition, several studies point to defective IL-7 responses in T cells from viremic patients. Both CD4 ϩ and CD8 ϩ T cells from patients have reduced sensitivities to the antiapoptotic effects of IL-7 compared to the level for cells from healthy controls (84) . We have shown that both Bcl-2 and CD25 inductions are impaired in patient CD4 ϩ and CD8 ϩ T cells cultivated in the presence of IL-7 (21, 23) . IL-7 retains the capacities to enhance patient T-cell proliferation and to reduce apoptosis to some extent but does not fully restore these parameters (10, 83) . Given the key role of IL-7 in controlling CD4 ϩ T-cell homeostasis, alterations in IL-7 responses are bound to contribute significantly to the pathogenic process that leads to AIDS. IL-7 responses rapidly improve in patients receiving efficient antiretroviral therapy, even though CD4 ϩ T-cell numbers show a slower-paced recovery (23) . Importantly, this opens the possibility of IL-7 immunotherapy for restoring CD4 ϩ T-cell counts in patients with efficiently suppressed viral loads (12, 44, 74, 77) .
The mechanism underlying defective IL-7 responses in HIVinfected patients remains incompletely understood. One factor may lie in the altered expression of IL-7R components in patient T cells. The IL-7R is composed of the private IL-7R␣ chain (CD127) and of the common gamma chain (CD132 or ␥c), which is shared with receptors for other cytokines of the ␥c family, namely, IL-2, IL-4, IL-9, IL-15, and IL-21 (16, 36) . The two IL-7R chains are differentially regulated: CD127 is downregulated upon T-cell activation through the TCR or through ␥c family cytokines, including IL-7 itself (3, 52, 62) ; in contrast, ␥c is rapidly upregulated upon T-cell activation, through mobilization of intracellular ␥c stores and transcriptional induction (5) . This differential regulation is thought to optimize utilization of ␥c family cytokines other than IL-7 by activated cells, while sparing limiting IL-7 resources for resting cells (62) . CD127 expression is decreased and ␥c expression is increased in T cells from HIV-infected patients, consistent with changes associated with chronic immune activation (22, 27, 41, 49, 54, 60, 70, 84) . CD127 decrease is particularly marked in the memory CD8
ϩ T-cell subset of viremic patients with high levels of chronic immune activation, which may account for the perturbed IL-7 responses observed in this subset (11, 22, 41, 49, 54, 60) . However, it should be noted that decreased CD127 expression may be compensated for by increased ␥c expression and that the net effect of these changes on IL-7 binding capacity has not been investigated so far.
The CD4 ϩ regulatory T-cell (Treg) population plays a key role in controlling the magnitude and duration of adaptive immune responses through suppression of T-cell activation (69) . The impairment of Treg function may contribute to the abnormal immune activation characteristic of HIV infection and thus play a driving role in the pathogenic process (45) . Since Treg homeostatic regulation differs from that of conventional CD4 ϩ T cells, it is important to distinguish this population in analyzing IL-7 responses. Indeed, Tregs are characterized by a constitutively high level of CD25/IL-2R␣ expression and a conversely low expression of CD127/IL-7R␣ (47, 72) . Accordingly, IL-2 was shown to be the key cytokine in maintaining the homeostasis of the Treg pool, while IL-7 was thought to play a limited role. More-recent studies, however, found that IL-7 could still induce signals in Tregs and contribute to their differentiation and survival in vivo (8, 38, 53, 82) . One objective of the present study was to compare IL-7 responses in Tregs and conventional CD4 ϩ T cells to determine whether HIV infection could differentially affect the homeostasis of these two populations.
We have previously shown that CD4 ϩ T cells from viremic patients show detectable but limited decrease of CD127 expression but nevertheless respond as poorly to IL-7 as CD8 ϩ T cells in terms of survival and proliferation (21, 23) . Thus, signal transduction defects downstream of IL-7R may also contribute to impaired IL-7 responses, especially within the CD4 ϩ T-cell population. To investigate this issue, we set out to identify the step at which IL-7-dependent signals are perturbed in CD4 ϩ T-cell subsets from HIV-infected patients through a detailed analysis of IL-7R expression, IL-7 binding, and IL-7-dependent signaling events. We provide evidence that HIV infection perturbs IL-7 responses at two levels, by decreasing the IL-7 binding capacity of memory CD4 ϩ T cells and by inducing an abnormal activation of the JAK/STAT5 signaling pathway in all CD4
ϩ T-cell subsets, including Tregs. These changes result in defective STAT5-dependent responses, which may contribute to the progressive CD4 ϩ T-cell loss characteristic of progression to AIDS.
MATERIALS AND METHODS
Study design. Two groups of patients chronically infected with HIV were included in the study: viremic patients who did not receive antiretroviral therapy (VIR group [n ϭ 12]) and efficiently treated patients with undetectable viral load (HAART group [n ϭ 13]). The criteria for inclusion in the VIR group consisted of a viral load of Ͼ10,000 HIV RNA copies/ml plasma, a CD4 ϩ T-cell count of Ͼ100/mm 3 , an absence of antiretroviral treatment or an interruption of treatment for at least 6 months, and no evidence for primary HIV infection. The criteria for inclusion in the HAART group consisted of a viral load of Ͻ40 HIV RNA copies/ml plasma for at least 6 months, with treatment initiation dating from at least 1 year and CD4
ϩ T-cell counts of Ͼ300/mm 3 . Study participants were recruited among the patients followed at the Centre Hospitalo-Universitaire of Bicêtre (CHU Bicêtre, France) and of Necker (CHU Necker, France). The control group consisted of noninfected healthy individuals who donated blood at the Etablissement Français du Sang (Paris, France). The study, designated EP33, was promoted by the Agence Nationale de Recherches sur le SIDA et les Hépatites Virales (ANRS). The study was approved by the Comité de Protection des Personnes de l'Ile de France VII under number 05-15. All participants gave written informed consent prior to blood sampling. A summary of the virological and immunological characteristics of patients is reported in Table 1 .
PBMC collection and IL-7 stimulation. Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood through a density gradient on Ficoll-Hypaque (Axis-Schield, Oslo, Norway). PBMC were resuspended at 10 6 cells/ml in RPMI 1640 medium supplemented with 2 mM glutamine, antibiotics, and 0.5% human AB serum (complete medium). Freshly isolated PBMC (2 ϫ10 6 ) were stimulated with 5 pM or 500 pM of recombinant human glycosylated IL-7 (a gift from M. Morre, Cytheris) for 15 min at 37°C. IL-7 stimulation was stopped by fixation with paraformaldehyde (PFA) at a final concentration of 1.5% for 15 min at 37°C. After centrifugation and PFA removal by aspiration, cells were permeabilized by adding 90% ice-cold methanol drop by drop and incubating cells for 15 min on ice. Fixed cells were stored in methanol at Ϫ20°C until processing for intracellular labeling.
Intracellular phosphospecific labeling. Methanol-permeabilized cells were washed in phosphate-buffered saline (PBS) twice and resuspended in staining buffer (PBS, 4% fetal bovine serum). Cells were stained simultaneously with antibodies for cell surface markers and intracellular markers, including the form of STAT5 phosphorylated at Y694 and the Treg-specific factor Foxp3. Since methanol fixation differentially affected the recognition of cell surface markers, each antibody was initially tested for optimal concentration and fluorophore choice. Through these preliminary experiments, we defined a panel of antibodies that allowed efficient measurement of pSTAT5 within four CD4 ϩ T-cell subpopulations, comprising naive Tregs and memory Tregs (81) as well as naive and memory conventional CD4 ϩ T cells. Cells were stained with an antibody combination consisting of CD4-peridinin chlorophyll protein (CD4-PerCP) and pSTAT5-Alexa Fluor 647 (pSTAT5-AF647) from BD Biosciences; Foxp3-AF488, CD45RA-Pacific Blue (CD45RA-PB), HLA-DR-phycoerythrin-cyanin 7 (HLA-DR-PE-Cy7), and CD3-allophycocyanin-AF750 (CD3-APC-AF750) from eBioscience; and CD25-PE from Dako. Each experiment included a control sample labeled with the same combination, but for the pSTAT5-specific antibody, which was replaced by isotypic control immunoglobulin G1-AF647 (BD Biosciences). Cells were stained for 40 ) were labeled for 30 min at 4°C with an antibody combination consisting of CD25-APC, CD127-APC-AF750, CD45RA-PB, and HLA-DR-PE-Cy7 from eBioscience and CD132-PE and CD4-PerCP from BD Biosciences. Cells were fixed and permeabilized with a fixation/permeabilization buffer adapted to Foxp3 detection (eBioscience), labeled for 30 min at 4°C with the Foxp3-AF488 antibody, washed, and resuspended in PBS-1% PFA. Fluorescence was acquired on a Cyan flow cytometer as described above.
Measurement of circulating IL-7. The IL-7 concentration in plasma collected on EDTA was measured using an immunoassay in accordance with the manufacturer's instructions (Quantikine HS human IL-7; R&D Systems).
IL - Evaluation of IL-7 functional responses. Bcl-2, CD25, and Foxp3 inductions were assayed by flow cytometry on PBMC cultivated for 3 days in the presence of IL-7. For these experiments, 2 ϫ 10 6 PBMC were cultured in complete medium in the presence or absence of 500 pM recombinant human IL-7. After 3 days, cells were fixed by adding PFA to give a final concentration of 1.5%, permeabilized with methanol, washed in PBS, and resuspended in staining buffer. Cells were labeled by using an antibody combination consisting of Bcl-2-FITC (Dako), CD25-PE, Foxp3-AF647, CD3-APC-AF750, CD4-PerCP, and CD45RA-PB. Fluorescence was acquired on a Cyan flow cytometer as described above. Apoptosis at day 3 was measured as the percentage of low-forwardscatter, high-side-scatter cells within the CD3 ϩ CD4 ϩ gate. Experiments with a viability dye (live/dead fixable aqua dead-cell stain; Invitrogen) confirmed that the apoptotic population consisted predominantly of cells that were still viable. Induction of target proteins was measured by the difference in Bcl-2, CD25, or Foxp3 MFI between stimulated and unstimulated cells at day 3.
Statistical analyses. Analyses were performed with GraphPad Prism 4.0 software, using nonparametric statistical tests in all cases. Differences in variables between subject groups were analyzed with the Mann-Whitney U Test. Horizontal bars on data plots indicate median values. Correlations were analyzed with Spearman's coefficient R. All significant differences between groups (P Ͻ 0.05) are reported on data plots.
RESULTS

Differential activation of STAT5 in CD4
؉ T-cell subpopulations from healthy donors. IL-7 signaling responses in CD4 ϩ T cells from healthy donors (HD group; n ϭ 13) were initially analyzed to determine the degrees of responsiveness in different CD4
ϩ T-cell subpopulations. Activation of the JAK/STAT pathway was measured by labeling PBMC with a phosphospecific antibody that recognizes STAT5 phosphorylated at Y694, combined with immunophenotyping and polychromatic flow cytometry analysis. Using a gating strategy based on CD3, CD4, CD45RA, Foxp3, and CD25 expression ( Fig. 1) , we could measure STAT5 activation in four distinct CD4 ϩ T-cell populations: naive Tregs (NTreg), conventional naive CD4 ϩ T cells (Nv), memory Tregs (MTreg), and conventional memory CD4 ϩ T cells (Mem). All CD4 ϩ T-cell subsets showed efficient signaling responses to a 15-min treatment with IL-7 at a high dose (500 pM), as indicated by the increase in pSTAT5 fluorescence intensity (Fig. 1 ). However, low-dose IL-7 stimulation (5 pM) induced an intermediate response in NTreg and MTreg cells, while Nv and Mem CD4 ϩ T cells responded almost as efficiently as they did to high-dose IL-7 stimulation (Fig. 1) .
Quantitation of STAT5 activation, as measured by the increase in pSTAT5 MFI in IL-7-treated samples in comparison to the level for unstimulated samples (⌬pSTAT5 MFI), showed that NTreg and MTreg had detectable but significantly lower-level responses than the Nv and Mem subsets to lowdose IL-7 stimulation (Fig. 2A) . The level of pSTAT5 responses paralleled that of CD127 expression in the different CD4 ϩ T-cell subsets (Fig. 2C) , suggesting that expression of the alpha chain of the receptor was the major parameter controlling STAT5 activation after low-dose IL-7 stimulation. In contrast, expression of the ␥c chain did not show major variations between CD4 ϩ T-cell subsets, except for slightly lower levels in naive subsets (NTreg and Nv) than in memory subsets (MTreg and Mem) of CD4 ϩ T cells (Fig. 2D ). Of note, differences in STAT5 activation were less marked after high-dose IL-7 stimulation, as responses in the two Treg subsets did not differ significantly from those of naive CD4 ϩ T cells (Fig. 2B ). The 500 pM dose used is 1 order of magnitude above the estimated K d of IL-7 for its receptor (close to 30 pM) (57) , ensuring full occupancy of the receptor. Therefore, parameters other than CD127 expression may control the level of IL-7 responses once the receptor is saturated.
To better evaluate the efficiency of IL-7 signaling independent of CD127 expression, we computed the ratio of ⌬pSTAT5 MFI to CD127 MFI ([R e ratio] Table 2 ). This ratio was approximately three times lower in conventional CD4 ϩ T cells than in Treg subsets after high-dose IL-7 stimulation, likely pointing to a limiting signaling component (such as the pool of unphosphorylated STAT5) in conventional CD4
ϩ T cells at maximal IL-7R activation. A higher signaling efficiency in Tregs may also contribute to the observed differences in R e ratios (65, 87) . Of interest, the R e ratio was higher in MTreg than in NTreg, though these subsets did not differ markedly in CD127 expression. Similarly, the R e ratio was higher in Mem than in Nv CD4 ϩ T cells. Both observations suggested that memory CD4
ϩ T-cell subsets may signal more efficiently via IL-7R than the corresponding naive subsets. Taken together, the analysis of IL-7 responses in healthy donor cells revealed a differential activation of STAT5 in distinct CD4
ϩ T-cell subsets, which differed in receptor expression but also possibly in intrinsic signaling efficiency.
HIV infection differentially alters the expression of the two IL-7R chains in CD4
؉ T-cell subsets. We next examined the effect of HIV infection on IL-7R expression in the different CD4 ϩ T-cell subsets. The studied groups included untreated viremic patients with viral loads of Ͼ10,000 HIV RNA copies/ml (VIR group; n ϭ 12) and efficiently treated patients with viral loads of Ͻ40 HIV RNA copies/ml (HAART group; n ϭ 13). The immunologic and virologic characteristics of the patients are recapitulated in Table 1 . Expression of the activation marker HLA-DR was significantly increased in the NTreg, Nv, and Mem CD4 ϩ T-cell subsets of viremic patients in comparison to the level for healthy donors (Table 1) , supporting the notion of chronic immune activation in the viremic group. HLA-DR expression was high in the MTreg population for the three groups (median values between 34 and 45%), consistent with known properties of Tregs (81) . Activation levels were not entirely normalized in efficiently treated patients, who maintained increased HLA-DR expression in the Nv and NTreg subsets.
The expression levels of both chains of the receptor, CD127 and CD132, in CD4 ϩ T-cell subsets of patients and control individuals were evaluated. CD127 expression was decreased in the Mem subset of viremic patients (Fig. 3A) , in agreement with published studies (22, 27, 41, 54, 70) and consistent with the notion of chronic immune activation in untreated HIV infection. CD127 expression was preserved in the Nv subset, except in one viremic patient, who showed a marked loss for this marker. We cannot rule out that expansion of a CD45RA ϩ
CD127
Ϫ effector CD4 ϩ T-cell population occurred in this patient, as can happen in advanced HIV infection. Interestingly, CD132 expression was markedly increased in CD4 ϩ T cells from viremic patients, with a near doubling of the fluorescence intensity in all CD4 ϩ T-cell subsets (Fig. 3B) . However, no conclusions regarding the expression of functional heterodimeric CD127/CD132 complexes could be drawn, due to the concomitant decrease in CD127 expression. Of note, CD132 expression remained significantly increased in CD4 ϩ T cells from treated patients, indicating that efficient control of viral replication was not sufficient to normalize all signs of abnormal activation.
Circulating-IL-7 concentrations remained below 3.0 pg/ml in both the VIR and the HAART groups, except for one viremic patient, with 6.3 pg/ml IL-7 in plasma (not shown). These low levels of circulating IL-7 were consistent with the relatively preserved CD4 ϩ T-cell counts in our cohort of patients (Table  1) . Indeed, IL-7 is known to increase primarily in patients with CD4 ϩ T-cell counts below 200/mm 3 (56) . Given the low levels of circulating IL-7 detected in the present study, it was unlikely that chronic signaling by this cytokine alone could account for the decreased expression of CD127 in viremic patients.
Decreased binding of IL-7 to memory CD4 T cells of viremic patients.
Given the opposite changes in CD127 and CD132 expression, it was difficult to predict whether IL-7 binding to patient CD4
ϩ T cells would increase or decrease. Therefore, we set out to directly assess IL-7 binding, using flow cytometry detection of biotinylated IL-7 bound at the surfaces of PBMC (Fluorokine assay; R&D Systems). Because this method requires intact live cells, we could not perform intracellular detection of Foxp3 and therefore determined binding for the total naive and total memory CD4 ϩ T-cell populations. CD4 ϩ T cells from viremic patients and healthy controls showed dose-dependent increases in biotinylated IL-7 binding in the naive and memory subsets (Fig. 4A , top and bottom panels, respectively). At the highest dose tested, naive CD4 ϩ T cells from viremic patients and healthy controls bound IL-7 at similar levels (Fig. 4B, top panel) . In contrast, memory CD4 ϩ T cells from viremic patients bound significantly less IL-7 than those from healthy controls (P Ͻ 0.05) (Fig. 4B, bottom panel) . Competition with a blocking anti-human IL-7 antibody reduced labeling to the background level, confirming the specificity of the assay (Fig. 4B, ϩanti-IL-7 samples) . Thus, viremic patients showed preserved IL-7 binding to naive CD4 ϩ T cells, which maintained normal CD127 expression, and decreased binding to memory CD4 ϩ T cells, which had decreased CD127
FIG. 2. Comparison of STAT5 phosphorylation and CD127 expression between CD4
ϩ T-cell subsets in healthy donors. PBMC from healthy donors (n ϭ 13) were stimulated with 5 pM IL-7 (A) or 500 pM IL-7 (B) for 15 min and evaluated for pSTAT5 induction by flow cytometry within the four CD4 ϩ T-cell subsets (NTreg, MTreg, Nv, and Mem). "⌬pSTAT5 MFI" represents the difference in pSTAT5 MFI between IL-7-stimulated and unstimulated samples. (C) PBMC from healthy donors (n ϭ 19) were evaluated for CD127 expression within the four CD4 ϩ T-cell subsets. (D) PBMC from healthy donors (n ϭ 11) were evaluated for CD132 expression within the four CD4 ϩ T-cell subsets. Statistical analyses were performed with the nonparametric Mann-Whitney U test. A Bonferroni correction was applied because six comparisons were made between four populations. Therefore, the significance threshold was lowered to a P value of Ͻ0.0084 (0.05/6). All P values of Ͻ0.0084 are reported. Horizontal bars indicate median values. a The R e ratios of ⌬pSTAT5 MFI to CD127 MFI were computed for four CD4 ϩ T cell subsets after high-dose IL-7 stimulation and compared between healthy donors (HD), viremic patients (VIR), and treated patients (HAART). Median values for R e ratio are indicated. Differences between groups were evaluated by the Mann-Whitney U test. P values of Ͻ0.05 are reported. NS, not significant. All P values for HD versus HAART were not significant. expression. These findings supported the notion that CD127 expression, rather than CD132 expression, was the limiting parameter in determining IL-7 binding.
Decreased frequency of memory CD4 ؉ T cells responding to IL-7 in viremic patients. We then assessed whether the decrease in IL-7 binding capacity seen in memory CD4 ϩ T cells of viremic patients led to a decrease in downstream signaling events. The frequencies of pSTAT5-positive (pSTAT5 ϩ ) cells at baseline, determined by comparison to the results for isotypic control staining, were low in all groups, with median values below 2% for all CD4 ϩ T-cell subsets (not shown). The frequency of responding cells, corresponding to the percentage of pSTAT5 ϩ cells observed after IL-7 treatment minus the percentage of pSTAT5 ϩ cells observed at baseline, was determined for two IL-7 doses (Fig. 5) . Upon low-dose IL-7 stimulation (5 pM) (Fig. 5A) , the frequency of responding cells was indeed decreased in the Mem CD4 ϩ T-cell subset of viremic patients in comparison to the levels for healthy donors (P Ͻ 0.005) and efficiently treated patients (P Ͻ 0.05). The MTreg subset showed low pSTAT5 responses, as expected, with a trend toward lower values in patient groups that did not reach statistical significance. The responses in naive subsets (Nv and NTreg) were more heterogenous and did not differ significantly between groups. High-dose IL-7 stimulation (500 pM) (Fig. 5B) led to high levels of response in conventional Nv and Mem subsets (with median frequencies of responding cells above 85% in all groups), suggesting a saturation of the population of responding cells under these conditions. However, it was interesting that, in the VIR group, the percentage of responding cells within the Mem subset correlated negatively with the viral load (P Ͻ 0.05; Spearman correlation coefficient R ϭ Ϫ0.65; data not shown). This finding suggested that HIV replication could impair responses to high-dose IL-7 stimulation in the memory CD4 ϩ T cells of the most-advanced patients. IL-7 responses in MTregs remained intermediate and were decreased in viremic patients in comparison to the levels for healthy donors (P Ͻ 0.001) and treated patients (P Ͻ 0.005). The defect in pSTAT5 response was not detected within the NTreg subset of viremic patients. Taken together, these data were consistent with decreased frequencies of signaling response in memory but not naive CD4 ϩ T-cell subsets of viremic patients, a finding compatible with decreased IL-7 binding capacity.
As a control, we measured the frequency of IL-7-responding cells in memory CD8 ϩ T cells, with an MFI also decreased twofold (the median CD127 MFI was 7.2 in the VIR group, versus 13.5 in the HD group [P Ͻ 0.0001]). Taken together, these findings supported the notion that CD127 downregulation could account for the loss of IL-7 responder cells in memory T-cell populations.
Hyperresponsiveness of the STAT5 pathway in IL-7-responding cells from viremic patients. We noted that the level ϩ T-cell subset (after treatment with 500 pM IL-7, the median ⌬pSTAT5 MFIs were 195 in the HD group and 286 in the VIR group; P ϭ 0.005). To clarify this point, we analyzed the level of pSTAT5 induction per responding cell by measuring the pSTAT5 MFI within the pSTAT5 ϩ population (Fig. 6 ). This analysis confirmed the increased pSTAT5 induction per CD4 ϩ T cell in the viremic group, with significant differences observed in the naive subsets after low-dose IL-7 stimulation (Nv and NTreg) (Fig. 6A ) and in both naive and memory subsets after high-dose IL-7 stimulation (Nv, MTreg, and Mem) (Fig. 6B) . Thus, HIV infection appeared to perturb IL-7 responses by causing hyperactivation of the JAK/STAT pathway in all CD4 ϩ T-cell subsets. Of note, therapy normalized pSTAT5 induction levels in all CD4 ϩ T-cell subsets except NTreg, suggesting that control of HIV replication could revert to a large extent the abnormal activation of the JAK/STAT pathway.
Increased basal STAT5 phosphorylation levels in HIV infection. To determine whether abnormal STAT5 activation occurred chronically, we evaluated the degree of basal STAT5 phosphorylation in CD4 ϩ T cells prior to stimulation (Fig. 6C) .
The basal pSTAT5 MFI was 5 to 10 times lower than that measured after IL-7 stimulation (median MFI ϭ 40) but significantly higher than the background levels measured with an isotypic control antibody (Fig. 1) . Interestingly, CD4 ϩ T cells from viremic patients showed increases in basal pSTAT5 MFI, which were significant in the Nv and Mem subsets (P Ͻ 0.01). The basal pSTAT5 MFI in the Nv subset correlated positively with the viral load (P Ͻ 0.05; Spearman correlation coefficient R ϭ 0.71; data not shown), supporting the notion that viral replication played a role in driving STAT5 activation. Treated patients showed intermediate levels of basal STAT5 activation that did not differ significantly from those seen in healthy controls. Taken together, these findings confirmed the notion of an abnormal activation of the STAT5 signaling pathway, which occurred chronically in viremic patients and was further amplified upon IL-7 stimulation.
Dependency of STAT5 activation on CD127 expression. To determine the extent to which phosphorylation of STAT5 depended on receptor expression, we plotted the ⌬pSTAT5 MFI response as a function of the CD127 MFI (Fig. 7) . Four data points were plotted per study subject, corresponding to the ⌬pSTAT5 MFI responses in the four CD4 ϩ T-cell subsets (NTreg, MTreg, Nv, and Mem). STAT5 phosphorylation appeared to increase as a function of CD127 expression, after both low-dose (Fig. 7A ) and high-dose (Fig. 7B ) IL-7 stimulations, in the HD group as well as the VIR group. Thus, the abnormal activation of the JAK/STAT pathway did not render pSTAT5 production entirely independent of CD127 expression. Interestingly, the VIR group showed a trend toward a higher pSTAT5 increase for a given CD127 expression level after high-dose stimulation (Fig. 7B) . We could not quantify these relations by correlation analysis, because of the bimodal distribution of the data set (the presence of distinct low-level-CD127 and high-level-CD127 populations, corresponding to Tregs and conventional CD4 ϩ T-cell subsets, respectively). Therefore, we performed an intrasubset analysis by computing the R e ratios of ⌬pSTAT5 MFI to CD127 MFI after high-dose IL-7 stimulation (Table 2) . This parameter, which reflects the efficiency of STAT5 phosphorylation, proved significantly higher in the VIR group than in the HD group within the NTreg, Nv, and Mem CD4 ϩ T-cell subsets. This analysis confirmed that for a given CD127 expression level, STAT5 phosphorylation was greater in CD4 ϩ T cells of viremic patients than in those of healthy individuals. Since the analysis was done on the high-dose data set, when all the receptors were saturated by IL-7 and could contribute to signaling, the differences seen between groups must have depended on postreceptor events. Thus, it was possible to conclude that hyperresponsiveness to IL-7 in viremic patients resulted from a perturbation of the signaling machinery downstream of IL-7R.
Analysis of the R e ratio in the group of treated patients yielded values that did not differ significantly from those found in healthy donors and remained lower than those found in viremic patients (Table 2) . Thus, efficient antiretroviral therapy appeared to normalize the abnormal activation of the STAT5 pathway to a large extent.
Impairment of IL-7 functional responses in HIV infection. We next evaluated the functional responses of patient CD4
ϩ T cells cultivated in the presence of IL-7, as measured by the inductions of the survival factor Bcl-2 and of the differentiation factors CD25 and Foxp3. Expression of these three proteins is dependent on STAT5 function, either indirectly in the case of Bcl-2 (74) or directly through the presence of STAT5 binding sequences in the promoters of CD25 and Foxp3 (19, 40, 86) . For these experiments, PBMC were cultivated in the presence of a high dose of IL-7 (500 pM) for 3 days and analyzed by flow cytometry using a gating strategy based on CD3, CD4, and CD45RA staining. Treg subsets were not specifically analyzed, since the induction of Foxp3 and CD25 by IL-7 blurred the distinction between Tregs and recently activated cells. CD4 ϩ T cells from viremic patients showed impaired Bcl-2 induction in both the naive and the memory subsets (Fig. 8A ) (P Ͻ 0.05). Culture in the presence of IL-7 did not abrogate the propensity of viremic patient CD4 ϩ T cells to apoptose (Fig. 8B) , consistent with a defect in the prosurvival function of IL-7. CD4 ϩ T cells from treated patients also showed impaired Bcl-2 induction (P Ͻ 0.05), though this did not translate into increased apoptosis, suggesting that Bcl-2 was not the only parameter controlling survival. Both CD25 and Foxp3 inductions were defective in the memory CD4 ϩ T-cell population from viremic patients, pointing to an impairment of STAT5 function ( Fig. 8C and D) (P Ͻ 0.05 in both cases). Taken together, these findings showed impairment of IL-7 functional responses in CD4 ϩ T cells from viremic patients. While defective IL-7 responses in the memory compartment could result from decreased receptor expression and IL-7 binding capacity, the defect in the naive compartment indicated a postreceptor block in signaling responses.
DISCUSSION
IL-7 is the key cytokine that regulates the homeostasis of peripheral CD4
ϩ T cells, through signals that promote both long-term survival and homeostatic proliferation of IL-7R-expressing cells (2, 30, 52) . The present work identifies two steps in the impairment of IL-7-dependent responses in patients with active HIV replication. First, IL-7 binding is altered, due to changes in the expression of functional IL-7R heterodimers. We show for the first time that the combination of an increase in ␥c expression and a decrease of CD127 results in decreased IL-7 binding within the memory CD4 ϩ T-cell population. The reduced binding capacity for IL-7 can in turn explain the reduced frequency of memory CD4 ϩ T cells that respond to IL-7 and contribute to IL-7-dependent functional defects within this population. A second block in IL-7 response at the postreceptor binding stage is needed to account for functional defects within the naive CD4 ϩ T-cell population. These cells have normal IL-7 binding capacity but show reduced IL-7-dependent prosurvival effects, as measured by Bcl-2 induction, pointing to a signaling defect downstream of the receptor. Since early signaling events, as measured by STAT5 phosphorylation at Y694, are increased, rather than decreased, in naive CD4 ϩ T cells of viremic patients, the defect likely occurs at a more distal step of the signaling pathway.
Progressive HIV infection exerted two types of effects on STAT5 phosphorylation responses. On the one hand, the percentage of CD4 ϩ T cells expressing pSTAT5 decreased in conventional and Treg memory CD4 ϩ T-cell subsets, a finding compatible with a recent study reporting defective IL-7R signaling in memory CD4
ϩ T cells of patients with active HIV replication (9) . On the other hand, we observed signs of STAT5 hyperactivation, as indicated by (i) an increased level of pSTAT5 induction per cell within the population of CD4 ϩ T cells that still responded to IL-7 stimulation, (ii) a higher level of pSTAT5 induction for a given level of CD127 expression in CD4 ϩ T cells of viremic patients than in those of healthy donors, and (iii) increased STAT5 phosphorylation levels at the baseline in both the naive and the memory CD4 ϩ T-cell compartments of viremic patients. These findings can be reconciled if one considers that HIV perturbs pSTAT5 responses at both receptor binding and postreceptor binding stages. The loss of a population of IL-7 responder cells can be explained by decreased CD127 expression, which limits IL-7 binding capacity and may abrogate pSTAT5 responses under a certain threshold of expression. Since CD127 decrease occurs only within memory CD4 ϩ T cells, the loss of responder cell remains restricted to the same population. Abnormal activation of the signaling machinery downstream of the IL-7R receptor can in turn explain the increased sensitivity of STAT5 phosphorylation responses. The notion of a chronic activation of the JAK/STAT pathway is in agreement with reports of increased basal phosphorylation levels in several signaling pathways, including those of STAT5 and those downstream of the TCR, in progressive HIV infection (20, 71) . The dysregulation of multiple signaling pathways likely reflects the generalized immune activation that is thought to drive HIV pathogenesis and lead to the progressive exhaustion of the immune system (25, 32, 76) .
A specific reason for the basal activation of STAT5 may lie in the increased levels of circulating IL-7 seen in the plasma of HIV-infected patients with low CD4 ϩ T-cell counts (1, 13, 14, 28, 29, 39, 50, 51, 56, 68, 70) . However, we did not detect a correlation between circulating IL-7 and basal or induced pSTAT5 levels in our study group, which comprised viremic patients with moderate CD4 ϩ T-cell depletion (not shown). Also, it is unlikely that the low IL-7 concentrations detected in patients with intermediate CD4 counts can account for the chronic activation of the memory CD4 ϩ T-cell subsets, which have low IL-7 binding capacity. Rather, other cytokines signaling through STAT5 may be responsible for this chronic activation. In this respect, the increase in ␥c expression detected in viremic patients was of significant magnitude, with a doubling of the MFI, and persisted to some extent in efficiently treated patients. A possibility is that increased expression of the ␥c chain renders CD4 ϩ T cells more susceptible to stimulation by other ␥c family cytokines that are induced upon chronic immune activation. IL-15 is an intriguing candidate because IL-15 expression is induced in a variety of inflammatory conditions (18), IL-15 levels are significantly increased in acute and progressive HIV infection (7, 78) , and IL-15 can drive the activation and expansion of CCR5 ϩ CD4 ϩ T cells in simian models (58) . In addition, we have found that the two molecules that comprise the minimal IL-15 receptor, namely, ␥c and CD122/IL-2R␤, are both increased in CD4 ϩ T cells of viremic patients ( Fig. 3B and data not shown) . Thus, the IL-15 system may contribute to persistent STAT5 activation, since both the ligand and the receptor are upregulated in progressive HIV infection. Importantly, chronic STAT5 activation did not result in more-efficient functional responses to IL-7, as measured by CD25, FoxP3, and Bcl-2 induction. Chronic stimulation may activate negative regulatory mechanisms that tightly control the activity of STAT5, a potentially oncogenic protein (33) . Negative regulators include SLIM proteins, which lead to ubiquitin-dependent degradation of activated STAT (80) , and transcriptional regulators, such as PIAS, which prevent STATs from binding to DNA through sumoylation (75) . Another possible mechanism for the desensitization of IL-7 responses may be linked to the accumulation of truncated forms of STAT5, which appear to be increased in HIV infection (15) , and which were shown to act as dominant-negative mutants of full-length STAT5 (24) . Further studies will be needed to pinpoint the distal step at which STAT5 function is impaired.
STAT5 plays a central role in pathways that control CD4 ϩ T-cell survival, through the direct induction of antiapoptotic factors, such as Bcl-XL, and through its effects on the phosphatidylinositol 3-kinase/Akt pathway (37, 52, 63) . Phosphatidylinositol 3-kinase activation is required for the increased survival, metabolic rate, and proliferation of IL-7-treated T (6, 43, 61, 79) . In primary T cells, the IL-7-dependent Akt response is dependent on prior STAT5 activation (85) . Thus, STAT5 dysfunction may result in poor Akt activation, which would contribute to the inefficient Bcl-2 induction and the propensity to apoptosis detected in CD4 ϩ T cells from viremic patients. The fact that defective Bcl-2 induction extended to the naive CD4 ϩ T-cell compartment is bound to have profound consequences on CD4 ϩ T-cell homeostasis by compromising the regenerative capacity of the CD4 ϩ T-cell pool. In designing the study, we chose to analyze conventional and regulatory CD4
ϩ T-cell subsets separately, given their markedly different responses to IL-7 stimulation. Our findings confirm that IL-7 can signal in Tregs, in spite of the low CD127 expression levels characteristic of these cells (8, 38, 53, 82) . Tregs were able to respond to an IL-7 concentration in the picomolar range, even though STAT5 activation levels remained lower than in conventional CD4 ϩ T cells. Analyses of IL-2 responses in mouse models have shown that Tregs appear to have a low IL-2R signaling threshold (87) , a finding that may be explained in part by a low concentration of the negative regulator of cytokine signaling SOCS3 (65) . Given that IL-2R and IL-7R share many signaling pathways, it may prove of interest to determine whether IL-7R-dependent signaling is similarly regulated in Tregs. Our analysis of R e ratios suggests that there may be differences in the efficiency of IL-7R-dependent signaling between Tregs and conventional CD4 ϩ T cells, which warrants further investigations.
Analyses of IL-7 responses were carried out with two Treg subsets that differ in expression of CD45RA but also in activation markers, such as HLA-DR (81) . The naive subset of Tregs, defined by coexpression of CD45RA, CD25, and FoxP3, predominates in infants and persists in adults, where it represents about one-third to one-fourth of the total Treg pool (73) . Naive Tregs are thought not to have encountered their cognate antigen in the periphery and have low HLA-DR expression levels but can exert bona fide suppressive activity in vitro (81) . We found that within Tregs, the naive subset was clearly the more responsive to IL-7. Indeed, the percentage of NTreg cells that responded to low-dose IL-7 stimulation was doubled compared to the level for MTreg (46% versus 24% pSTAT5 ϩ cells in the HD group; P ϭ 0.01), a result likely explained by the higher expression level of CD127 in NTreg. These findings suggest that IL-7 may play a significant role in the homeostasis of the naive subset of Tregs.
HIV infection perturbed Treg responses to IL-7 by inducing a decrease in the frequency of responder pSTAT5 ϩ cells in the MTreg subset. Signs of abnormal activation of STAT5 were also present within both the NTreg and the MTreg subsets, as indicated by increased pSTAT5 expression levels within the responding population. Thus, the pattern of STAT5 dysfunction appeared similar to that seen in conventional CD4 ϩ T cells. A particularly deleterious effect of STAT5 dysfunction for Tregs may be the impairment of Foxp3 induction, given the central role of this protein in Treg differentiation and suppressive capacity (38) . Thus, dysfunction of the JAK/STAT pathway may impair the capacity of Tregs to negatively regulate immune responses and thereby contribute to the abnormal immune activation characteristic of progressive HIV infection.
In conclusion, HIV infection perturbs both receptor expression and signal transduction in the IL-7/IL-7R axis, which is bound to have deleterious consequences on CD4 ϩ T-cell homeostatic regulation and may contribute to the progressive CD4 ϩ T-cell loss characteristic of HIV disease. The association between the activation and dysfunction of the JAK/STAT pathway emphasizes the need to devise strategies aimed at controlling abnormal immune activation in HIV infection. In particular, it will be important to ensure efficient control of HIV-induced activation in patients who will receive IL-7 immunotherapy as a means to restore CD4 ϩ T-cell counts.
